Membrane-associated hydrogenase was purified from the chemolithoautotrophic epsilonproteobacterium Hydrogenimonas thermophila at 152-fold purity. The hydrogenase was found to be localized in the periplasmic space, and was easily solubilized with 0.1% Triton X-100 treatment. Hydrogen oxidation activity was 1,365 mol H 2 /min/mg of protein at 80 C at pH 9.0, with phenazine methosulphate as the electron acceptor. Hydrogen production activity was 900 mol H 2 /min/mg of protein at 80 C and pH 6.0, with reduced methyl viologen as the electron donor. The hydrogenase from this organism showed higher oxygen tolerance than those from other microorganisms showing hydrogen oxidation activity. The structural genes of this hydrogenase, which contains N-terminal amino acid sequences from both small and large subunits of purified hydrogenase, were successfully elucidated. The hydrogenase from H. thermophila was found to be phylogenetically related with H 2 uptake hydrogenases from pathogenic Epsilonproteobacteria.
Hydrogenimonas thermophila, a hydrogen-oxidizing epsilonproteobacterium, was isolated from a black smoker vent of the Central Indian Ridge. 1) H. thermophila is an obligate thermophile; it utilizes carbon dioxide as sole carbon source and oxygen, nitrate, and elemental sulfur as electron acceptors.
Physiologically and phylogenetically diverse Epsilonproteobacteria have been detected in many habitats (for a review, see reference 2) including the gastrointestinal tracts of animals, sulfurous springs, activated sludge, oil fields, Antarctic Ocean water, and deep-sea cold-seep sediments. Deep-sea hydrothermal systems, however, may host the largest biomass of the most diverse species of Epsilonproteobacteria on Earth. [3] [4] [5] Recently, nearly all previously uncultivated subgroups of deep-sea Epsilonproteobacteria were isolated from geologically and geographically distinct hydrothermal fields.
5) The enzymatic and genetic characteristics of deep-sea Epsilonproteobacteria with regard to their carbon and energy metabolisms have been investigated to a much lesser extent than their cellular physiological characteristics. Recently, exhaustive enzymatic and genomic studies were conducted on deep-sea epsilonproteobacterial strains, and the results suggested that such studies can provide in situ elucidation of the ecophysiological roles of these strains. 6, 7) Hydrogenases catalyze the oxidation and production of hydrogen, and each hydrogenase is distinguished by its optimal electron acceptor in metabolic reactions or its function. 3) Hydrogenases are also classified on the basis of the metal ions present in their active centers as [NiFe] , [FeFe] , and [NiFeSe] hydrogenases. 8) Desulfovibrio gigas, a model organism for the study of hydrogenases, possesses [NiFe] hydrogenase with a molecular mass of 90 kDa. It is composed of two subunits: the large subunit (molecular mass, 60 kDa) contains one NiFe active center, whereas the small subunit (30 kDa) contains two [4Fe-4S] clusters and one [3Fe-4S] þ cluster. 9) Hydrogenases from Epsilonproteobacteria have been studied in detail in the pathogenic species Helicobacter pylori 10) and Wolinella succinogenes. 11) Their hydrogenases were related to their pathogenic activity. 12) Further, the genetic characteristics of hydrogenase obtained from deep-sea Epsilonproteobacteria were studied in detail by Takai et al. 7) and Nakagawa et al.; 6) but, their biochemical features have not been studied in detail, though biochemical studies using crude cell extracts have been reported. 7) In this study, we conducted biochemical and molecular biological investigation on membrane-associated hydrogenase obtained from H. thermophila and we describe the physiological role of this hydrogenase and its potential in biotechnological applications.
Materials and Methods
Strain and cultivation. The H. thermophila strain EP1-55-1%
T , obtained from Dr. K. Takai, was cultivated at 55 C with 400 ml of MMJH medium 1) with a gas phase of 78% H 2 , 20% CO 2 , and 2% O 2 (with a pressure of up to 200 kPa) in 1,000-ml glass bottles (Schott Glaswerke, Mainz, Germany). The bottles were shaken by rotation at 120 rpm. After 3 d of cultivation, the cultures were centrifuged at 5;000 Â g, and the precipitated cell pellets were collected in a plastic tube. The pellet was suspended in 3 volumes of 50 mM Tris-HCl buffer (pH 8.0) with 1 mM ethylenediaminetetraacetic acid (EDTA), and was stored at À80 C.
Solubilization and purification of membrane-associated hydrogenase. The hydrogenases obtained from H. thermophila were solubilized and purified under anaerobic conditions in an anaerobic glove box (COY Laboratory Products, MI) at room temperature. After the frozen cell pellets were thawed at room temperature, the cells were y To whom correspondence should be addressed. Tel: +81-75-753-6224; Fax: +81-75-753-6226; E-mail: h1ro5h1@hotmail.co.jp treated with lysozyme (10 mg/ml) for 30 min at 20 C and centrifuged for 15 min at 5;000 Â g. The supernatant and pellet were used as the periplasmic and protoplast fractions respectively. Protoplast cells were confirmed by microscopic observation. These cells were disrupted with a Mini-BeadBeater-1 (BioSpec Products Inc.) with 100 mm Zircon for 15 min. Membrane fractions were collected by centrifugation at 15;000 Â g for 30 min. The membranes were suspended in 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 0.1% Triton X-100 at 3 ml/g (wet) and were incubated at room temperature for 2 h. The solubilized membrane fraction was separated by centrifugation at 15;000 Â g for 30 min. The membrane-associated hydrogenase was then purified from mixed periplasmic and solubilized membrane fractions, as follows: The enzyme was purified with the Ä KTA explorer 10S system (GE Healthcare, Boston, MA). The fraction was loaded onto a Q-sepharose column (2:6 Â 20 cm, GE Healthcare), equilibrated with 50 mM TrisHCl (pH 8.0) and 1 mM EDTA, and eluted with a linear gradient of NaCl (170-500 mM) in the same buffer. A single peak fraction showing hydrogenase activity was eluted between 200 and 220 mM NaCl. The active fraction was applied to Amicon Ultra-15 (Millipore, Boston, MA) to exchange the Tris-HCl buffer for 10 mM sodium phosphate buffer (pH 7.0). Subsequently, the hydrogenase fraction was loaded onto a Biogel hydroxyapatite (HTP) column (1 Â 10 cm; Bio-Rad, Boston, MA) equilibrated with 10 mM sodium phosphate (pH 7.0) buffer. Elution was performed using a linear gradient of sodium phosphate (10-400 mM, pH 7.0). A single fraction showing hydrogenase activity was eluted between 200 and 300 mM sodium phosphate. The active fraction was applied to Amicon Ultra-15 to exchange the phosphate buffer for 50 mM Tris-HCl (pH 8.0) buffer with 1 mM EDTA and 200 mM NaCl. Subsequently, the sample was loaded onto a Superdex 200 column (1 Â 30 cm; GE Healthcare) equilibrated with the same buffer. The protein fraction showing hydrogenase activity was eluted at a retention volume of 14.2 ml. The active fraction was concentrated using Amicon Ultra-15 and stored at 4 C. The protein was assayed using Protein Assay Reagent (Bio-Rad) with bovine serum albumin as a standard.
Analytical procedure. Electrophoresis was carried out under native and reducing conditions with polyacrylamide gel and native or sodium dodecyl sulfate (SDS) buffer strips. The gels were stained with Coomassie Brilliant Blue R-250. Hydrogenase activity was detected on the gel as described below. Native or SDS gel was incubated in degassed 50 mM Hepes-NaOH (pH 7.0) for 10 min, and transferred to Hepes buffer containing 10 mM methyl viologen which was saturated with hydrogen at room temperature. The gel was then incubated with triphenyltetrazolium chloride (final concentration, 1 mM) at 55 C for 15 min to fix the red color of the bands corresponding to hydrogenase. 13) After electrophoresis under denaturing conditions, the proteins were transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore). The molecular mass of the enzyme was then determined by SDS-polyacrylamide gel electrophoresis (PAGE). The molecular mass markers were obtained from Bio-rad.
Hydrogenase activity assay. Hydrogenase activity was routinely determined at 55 C by hydrogen oxidation assay using methylene blue as the electron acceptor and hydrogen as the electron donor. The hydrogen-dependent reduction rate of methylene blue was measured spectrophotometrically at ¼ 570 nm (Ultrospec 2100; GE Healthcare). All assays were performed using 50 mM Hepes-NaOH buffer (pH 7.0) with 100 mM methylene blue. Prior to measurement of enzyme activity, the screw-cap cuvette was first bubbled with argon (10 min), and then with hydrogen gas (10 min) and subsequently was incubated at 55 C for 10 min. The effect of pH on hydrogen oxidation activity was measured over a pH of 6.0-7.0 (50 mM MES-NaOH buffer), 7.0-8.0 (50 mM HepesNaOH buffer), 8.0-9.0 (50 mM Tris-HCl buffer), or 9.0-10.5 (50 mM CAPSO-NaOH buffer). Utilization of electron acceptors by hydrogenase was tested using the following compounds as sole electron acceptors: methyl viologen ( ¼ 604 nm), nicotinamide adenine dinucleotide ( ¼ 339 nm), methylene blue, phenazine methosulphate ( ¼ 387 nm), dichloroindophenol ( ¼ 600 nm), potassium ferricyanide ( ¼ 430 nm), and 2,3-dimethoxy methyl-1,4-benzoquinone ( ¼ 298 nm). The concentration of each potential electron acceptor was adjusted to 100 mM, and hydrogenase activity was determined at 55 C in 50 mM Hepes-NaOH (pH 7.0). The effect of temperature on the hydrogen oxidation activity of the enzyme were determined at 10 C, 20 C, 30 C, 40 C, 50 C, 60 C, 70 C, 80 C, and 90 C, as described below.
H 2 production activity was determined using gas chromatograph GC-2014 (Shimadzu, Kyoto, Japan) with a Shincarbon ST column (Shinwa Chemical Industries Ltd., Kyoto, Japan) and argon as carrier gas, after hydrogenase was incubated with 10 mM reduced methyl viologen as electron donor at 80 C in 50mM MES-NaOH buffer (pH 6.0).
Oxygen tolerance was tested as described below. Hydrogenase fractions (1 mg/ml) were transferred to a 5-ml glass tube (Iwaki Glass, Tokyo, Japan), and were bubbled with filtered air (0.22 mm) using a syringe. Subsequently, the tube was sealed tightly with a screw cap and TF-nitrile packing (Iwaki Glass). The glass tube was pressured to 120 kPa with air and incubated at 4 C. Residual hydrogen oxidation activity was determined. The initial oxygen tolerance activity of the fraction was measured immediately after bubbling with air.
14)
Fourier transform infrared (FTIR) measurements. FTIR measurements were performed using a Nicolet 1100FT-IR (Thermo scientific, Boston, MA) spectrometer equipped with a mercury-cadmiumtelluride (MCT) detector. Spectra were recorded at room temperature at a resolution of 1 cm À1 , and were recorded as averages of 100 scans. Enzyme samples (200 ml, 10 mM) were loaded into an OMNI IRtransmittance cell (System Engineering, Yokohama, Japan) that had polished CaF 2 windows kept at a distance of 50 mm with a Teflon spacer. A cell containing 50 mM Tris-HCl (pH 8.0) was used as the reference. The small, variable contributions of water vapor were removed by subtraction of an appropriate water vapor spectrum. The multi-point method of the spectrometer was used for correction of the base line.
N-Terminal amino acid sequence. Purified H. thermophila hydrogenase in SDS denaturing gel was blotted onto a PVDF membrane (Millipore) by using a semi-dry blotting unit (Bio-Rad) at 15 V for 20 min. Protein bands were detected by Ponceau S staining (Nacalai Tesque, Kyoto, Japan). Edman degradation was carried out by APRO Science (Tokushima, Japan).
Cloning, sequencing, and phylogenetic analysis of the hydrogenase gene. The H. thermophila genome was purified using a Wizard Genomic DNA kit (Promega, Madison, WI). To obtain a gene fragment containing the gene for H. thermophila hydrogenase, two primers 5 0 -CCNAARCAYCCNTAYAAYGGN-3 0 , and 5 0 -YTTSCC-ANGARTA-3 0 , were designed from the N-terminal amino acid sequences of the H. thermophila hydrogenase. The hydrogenase gene fragment was amplified using an Ex Taq kit (Takara, Shiga, Japan). The fragment, which was 120-bp long, was amplified by the PCR method mentioned above. The fragment was cloned into pGEM-TEasy Vector (Promega), and the inserted sequences were confirmed by Sanger sequencing at Takara Bio (Takara). The nucleotide sequence was applied to BLAST at GenomeNet (http://www.genome.jp/). The pGEM-ehydB 1 sequence was found to be similar to the epsilonproteobacterial hydrogenase large subunit (LSU) gene.
In order to construct primers to amplify the full length of the hydrogenase LSU gene, multiple alignments of the hydrogenase LSU, small subunit (SSU), and cytochrome b (cytb) genes from six proteobacteria species were constructed using TBLASTN of GenomeNet. On the basis of the alignments, primers ehydA F 5 0 -TTTTGGGA-TAMHATGGG-3 0 and ehydC R 5 0 -AATAGCTCTTAYCCATG-3 0 were designed. The 3,500-bp fragment amplified by the PCR method mentioned above was named pGEM-ehydABC. pGEM-ehydABC contained the full-length sequence of the hydrogenase LSU, the 3 0 -terminal sequence of the hydrogenase SSU gene, and the 5 0 -terminal sequence of the cytb-like gene.
The open reading frame (ORF) was detected using the NCBI ORF Finder (NCBI). Phylogenetic analyses were conducted using MEGA4. 15) Phylogenetic distances were calculated the neighborjoining method reported by Saitou and Nei and Kimura's correction for multiple substitutions. Gap positions were excluded. Bootstrap values indicated in the phylograms corresponded to the frequency of occurrence of nodes in 1,000 bootstrap replicates.
Results
Localization and solubilization of H. thermophila hydrogenase Lysozyme treatment and centrifugation performed after the purification step were effective in separating the periplasmic fraction from the protoplast cells. The periplasmic fraction showed hydrogen oxidation activity of 4 mmol H 2 /min/mg of protein. Moreover, the membrane fraction from the protoplast cells accounted for 75% of total cell activity. After solubilization with Triton X-100 (0.1%), hydrogenase activity was detected in the solubilized membrane fraction, and no hydrogenase activity was detected in the cell debris. The periplasmic and solubilized membrane fractions were subjected to SDS-PAGE hydrogenase activity stain. Both fractions showed hydrogenase activity at the 55-kDa band. This indicates that H. thermophila hydrogenase was localized in both the periplasmic space and periplasmic membrane, and that the 55-kDa hydrogenase in the periplasmic membrane was easily solubilized by detergent treatment. The SDS-PAGE hydrogenase activity stain of the supernatant from disrupted protoplast cells also showed hydrogenase activity at a high molecular mass, of 100 kDa. However, the amount of 100-kDa hydrogenase was quite low, and its activity quickly disappeared in the elution buffer.
Purification and determination of the N-terminal amino acid sequences of the H. thermophila hydrogenase gene
The periplasmic and solubilized fractions showed specific activity of 1 mmol H 2 /min/mg of protein. The purification step of the enzyme is summarized in Table 1 . After the fraction was loaded onto Q-sepharose, the immobilized protein was eluted using a linear gradient of 200 ml NaCl (170-500 mM). Protein fractions showing hydrogenase activity were eluted between 220 and 250 mM NaCl. Among these fractions, hydrogenase activity was observed as a single symmetrical peak. After the buffer was changed from Tris-HCl to 10 mM sodium phosphate using Amicon Ultra-15, no hydrogenase activity was detected in the flow-through fraction. Moreover, no non-specific binding to Amicon Ultra-15 was detected. After the hydrogenase fraction was loaded onto Biogel HTP, the protein was eluted using a non-linear 100-ml gradient of sodium phosphate (10-400 mM). All 50 fractions that were assayed for hydrogenase activity were eluted between 200 and 300 mM sodium phosphate. The active fractions showed a single symmetrical peak with hydrogenase activity.
The buffer change from sodium phosphate to a 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, 200 mM NaCl buffer showed loss of hydrogenase activity during the buffer change. The fractions were concentrated to 200 ml using Amicon Ultra-15 were and applied to the Superdex 200 size-exclusion column. The isocratic method was used with Superdex 200, and the same buffer was used. A single symmetrical peak showing hydrogenase activity was observed, and the fraction was eluted with a retention volume of 14.2 ml. A chromatogram of absorbance measured at 280 nm also showed a single symmetrical peak that was identical to the hydrogenase activity peak. The molecular mass calculated from the retention volume of the protein was 86.3 kDa. The buffer was changed using Amicon Ultra-15, and the fractions obtained were stored at 4 C in an argon gas-purged screw-capped glass tube. After elution from a Superdex 200 column, the purified hydrogenase showed 65-kDa and 20-kDa bands (Fig. 1) on SDS-PAGE under heating at 100 C for 15 min under complete denaturation conditions. The 65-kDa and 20-kDa bands were blotted onto a PVDF membrane and subjected to Edman degradation. Two amino acid sequences PLHPYNG and YSWIK were obtained from the 65-kDa band. We could not obtain amino acid sequences from the 20-kDa band via Edman degradation.
Biochemical characterization of H. thermophila hydrogenase
The purified sample eluted from the Superdex 200 column was used in all the biochemical experiments. Maximum activity, 405 mmol methylene blue/min/mg of protein, was detected at pH 9.0 (50 mM Tris-HCl) (Fig. 2) . Perhaps the buffer reagent used did not affect hydrogenase activity in this experiment. At pH 9.5 (CAPSO-NaOH buffer), activity decreased to 28% of maximum at pH 9.0. Moreover, hydrogenase activity Hydrogenase activity was measured at 55 C, pH 7.0, with 100 mM methylene blue as the electron acceptor. ceased completely at pH 10.5, but at pH 6.0 (MESNaOH) 45% of maximum activity was retained. The enzyme showed a maximum activity of 484 mmol methylene blue/min/mg of protein at 80 C, pH 7.0. The hydrogenase activity at 90 C was 83% of maximum (Fig. 3) . At lower temperatures, hydrogenase activity remained the same as at 10 C (13% of the maximum). Similar activity (about 70% of maximum activity) was observed between 40 C and 60 C, the temperature range in which H. thermophila shows optimal growth.
With regard to the utilization of artificial mediators by the enzyme, maximum activity was observed in the presence of 100 mM phenazine methosulphate (E m ¼ 80 mV); activity of 1,078 mmol phenazine methosulphate/ min/mg of protein was observed (Table 2 ). In the presence of methyl viologen (E m ¼ À446 mV), the enzyme showed only 5% of the activity in the presence of phenazine methosulphate. Potassium ferricyanide (E m ¼ 361 mV) was not utilized by the enzyme as an electron acceptor. We found a relation between hydrogenase activity and the midpoint potential of the electron acceptor, but this was not observed in the case of nicotinamide adenine dinucleotide (E m ¼ À320 mV) or 2,3-dimethoxy methyl-1,4-benzoquinone (E m ¼ 10 mV). The purified enzyme did not transfer electrons to NAD þ or quinone mimic from hydrogen. Finally, maximum hydrogen oxidation activity was detected at 80 C, pH 9.0 (50 mM Tris-HCl) when 100 mM phenazine methosulphate was used as the electron acceptor. Activity was up to 2,730 mmol phenazine methosulphate/min/mg of protein (n ¼ 3); stoichiometrical calculations showed that 1,365 mmol H 2 /min/mg of protein was the maximum activity for molecular hydrogen.
Oxygen tolerance was measured. The purified enzyme retained 37% of its initial activity after 72 h of air exposure. After 96 h of air exposure, no activity of the purified enzyme detected. Maximum hydrogen production activity was observed at 80 C, pH 6.0 (50 mM MES-NaOH); this was 900 mmol H 2 /min/mg of protein when 10 mM methyl viologen and 20 mM sodium hydrosulfite were used as electron donors.
FTIR spectrum
The FTIR spectrum of the H. thermophila hydrogenase showed more than 2 CN bands in the 2,100-2,000 cm À1 spectral region. Aerobically purified enzyme always shows three main bands in this region, at 2,053, 2,048, and 2,042 cm À1 , in addition to a CO band at 1,944 cm À1 . Furthermore, anaerobically purified enzyme shows three shifted main bands in this region, at 2,033, 2,029, and 2,026 cm À1 . The CO band did not shift during anaerobic purification.
Genetic characterization of H. thermophila hydrogenase gene
Two amino acid sequences, PLHPYNG and YSWIK, were obtained by partial digestion of the 65-kDa band by N-terminal amino acid sequence analysis. A FASTA search (GenomeNet, Kyoto, Japan) showed that both amino acid sequences, PLHPYNG and YSWIK, were identical to the sequence of quinone-reactive Ni/Fehydrogenase LSU from Campylobacter jejuni 81-176 (CJJ81176 1282). Using a degenerate primer designed from the amino acid sequences, an approximately 120-bp fragment containing the hydrogenase gene was successfully amplified from the genome of H. thermophila ( Fig. 4; pGEM-ehydB 1) . The sequence of the fragment (accession no. AB472043) was subjected to a BLASTN search (GenomeNet). The BLASTN analysis showed that it had high identity with the nucleotide sequence of the quinone-reactive Ni/Fe-hydrogenase LSU gene Abbreviations: NAD þ , nicotinamide adenine dinucleotide; DBH, 2,3-dimethoxy methyl-1,4-benzoquinone of C. jejuni 81-176 (CJJ81176 1282) (89% identity) and other epsilonproteobacterial hydrogenases. In order to construct a primer set to obtain operon structureencoding genes for hydrogenase-related proteins from H. thermophila, we used TBLASTN (GenomeNet) to construct alignments of six epsilonproteobacterial hydrogenase SSU nucleotide sequences (CJJ81176 1283, CJ1267c, CJE1403, CFF8240 0940, WS1687, and SUDEN 1436) and identical cytb sequences (CJJ81176 1281, CJ1265c, CJE1401, CFF8240 0938, WS1685, and SUDEN 1434). Two degenerate primers, ehydA F and ehydC R, were used to amplify an approximately 3,500-bp fragment encoding hydrogenase genes from H. thermophila (accession no. AB472044). Moreover, the 3,500-bp fragment contained 578 amino acid lengths and an ORF that contained two amino acid sequences PLHPYNG and YSWIK. The 578-aa length nucleotide sequences showed high similarity (86% identity) with the sequence of the quinone-reactive Ni/ Fe-hydrogenase LSU from Thiomicrospira denitrificans (SUDEN 1435). A BLASTN search of the 578-aa length nucleotide sequence showed 77% identity with SUDEN 1435, and the E value for the 0. 3,500 bp sequence also contained the 3 0 terminal of the hydrogenase SSU-like sequence and 5 0 terminal of cytb-like sequence (Fig. 4) . A rooted phylogenetic tree was constructed with a deduced amino acid sequence of the 578-aa length sequences, major epsilonproteobacterial hydrogenase LSU sequences, deep-sea epsilonproteobacterial hydrogenases, 6) and the hyperthermophilic hydrogen-oxidizing bacterium Aquifex aeolicus hydrogenase II LSU as an outgroup. Phylogenetic analysis of hydrogenase LSU from Epsilonproteobacteria indicated that H. thermophila hydrogenase formed a cluster with Thiomicrospira denitrificans hydrogenase LSU, but deep-sea epsilonproteobacterial hydrogenase LSU branched into another clade from pathogenic epsilonproteobacterial hydrogenase LSU (Fig. 5 ).
Discussion
We found that H. thermophila expresses at least two types of hydrogenase: a 55-kDa hydrogenase that is localized in the periplasmic space and is membraneassociated, and a 100-kDa hydrogenase that is expressed in the cytoplasm. The activity of both hydrogenases was detected by native and SDS-PAGE hydrogenase activity stain. On SDS-PAGE analysis, most of the known hydrogenases from mesophiles are inactivated within a short time. In contrast, most of the hydrogenases in thermophiles are still active in the downstream analysis after SDS-PAGE. 13) However, in our study, the cytoplasmic 100-kDa hydrogenase of H. thermophila was expressed at rather low levels, and was immediately inactivated. Hydrogenase III, which is expressed by A. aeolicus, is also expressed in the cytoplasm. 16) At all the purification steps to which H. thermophila hydrogenase was subjected, a single and symmetrical activity peak was observed. It was probably derived from 55-kDa hydrogenase. The purified hydrogenase was completely denatured at 100 C for 15 min in denaturing buffer, and CBB-stained gel showed 65-and 20-kDa bands. The molecular mass of the hydrogenase from The primers used were ehydB F, ehydB R, ehydA F, and ehydC R. H. thermophila, as calculated by gel-filtration column chromatography using Superdex 200, was 86.3 kDa. These results suggest that the hydrogenase consisted of a heterodimer complex. The molecular mass was close to that of the D. gigas heterodimeric hydrogenase, which plays a role in energy conservation, as previously described. 9, 17, 18) Amino acid sequence analysis of the 65-kDa bands revealed two amino acid sequences, PLHPYNG and YSWIK, which are well conserved in epsilonproteobacterial hydrogenases. In an attempt to clone the LSU of the hydrogenase, the whole gene sequence encoding the 65-kDa hydrogenase LSU was cloned and sequenced. The nucleotide sequence of the hydrogenase LSU gene of H. thermophila was similar to that of the epsilonproteobacterial hydrogenase LSU gene, especially that quinone-reactive Ni/Fe-hydrogenase hydB.
The gene sequence of hydrogenase II from A. aeolicus has been reported to be closely related to that of epsilonproteobacterial hydrogenases.
16) The hydrogen metabolism of A. aeolicus and its hydrogenases has been well studied. 19) A. aeolicus potentially codes three distinct hydrogenases: hydrogenase I, II, and III. Hydrogenases I and III were purified and their biochemical characteristics were studied by Brugna-Guiral et al., 16) but the characteristics of hydrogenase II are almost unknown. However, it has been suggested that hydrogenase II plays a role in energy conservation. Phylogenetic analysis showed that the H. thermophila hydrogenase LSU is closely related to pathogenic epsilonproteobacterial hydrogenase LSUs rather than to deep-sea epsilonproteobacterial hydrogenase LSUs. It is unclear why the H. thermophila hydrogenase LSU gene has been classified as a pathogenic epsilonproteobacteria hydrogenase LSU. However, H. thermophila has been classified as a group A epsilonproteobacterium on the basis of 16S rDNA phylogenetic analysis. 1, 7) To solve this problem, more detailed information on other group A epsilonproteobacterial hydrogenases is required.
H. thermophila hydrogenase showed maximum hydrogenase oxidation activity at 80 C, pH 9.0 (50 mM Tris-HCl) with phenazine methosulphate as electron acceptor. The optimal temperature and pH of the enzyme were different from those of H. thermophila (55 C, pH 6.0). Remarkably, the hydrogenase showed hydrogen-oxidation activity within a wide pH range. At pH 6.0, hydrogenase activity remained approximately 40% of maximum; this value is higher than that of the other hydrogen-oxidizing bacterium Hydrogenovibrio marinus.
14) Moreover, almost the same level of activity (approximately 70% of maximum) was observed in a temperature range of 40-60 C, which is the optimal physiological temperature range for H. thermophila.
1)
The hydrogenase probably adapted to the optimal physiological temperature and pH conditions of H. thermophila, 55 C, pH 6.0. Phenazine methosulphate was found to be the optimal electron acceptor for the hydrogenase. The midpoint potential of phenazine methosulphate is 80 mV. The natural electron acceptor of the hydrogenase probably has a similar midpoint potential. Genetic analysis of the hydrogenase showed that a cytb-like gene was coded at the 3 0 terminal of the LSU gene. Moreover, it has been reported that the hydrogenase LSU gene is closely related to A. aeolicus hydrogenase II. 16) These data suggest that cytb (E m ¼ 30 mV) is the natural electron acceptor for H. thermophila hydrogenase. NAD þ and the quinone mimic were not used as electron acceptors. This indicates that the hydrogenase of H. thermophila was different from the membrane-associated Hydrogenobacter thermophilus, 20) because the H. thermophilus hydrogenase reacted directly with quinone, and the natural electron acceptor of H. thermophila is expected to be cytB. 16) The H. thermophila hydrogenase also showed high oxygen tolerance. Most bacteria and archaea hydrogenases show a t 50% value of 10 h on oxygen exposure; A. aeolicus hydrogenase III, 1.5 h; Pyrococcus furiosus hydrogenase, 6 h; and Thermotoga maritima iron-hydrogenase, shows severe seconds. 13, 16, 21, 22) This oxygentolerance characteristic is probably derived from its physiological growth ability at 2% oxygen. The oxygentolerance ability of H. thermophila hydrogenase was deduced from more than two CN bands. Ralstonia eutropha soluble hydrogenase showes four cyanide bands, and an additional cyanide ligand of nickel provides oxygen stability to the enzyme. 23) The possible physiological role of this hydrogenase is not evident, but these results suggest that membraneassociated hydrogenase from H. thermophila plays a role in energy conservation. This work is the first biochemical study of deep-sea epsilonproteobacterial hydrogenases and hydrogenase II characterized in the hyperthermophilic hydrogen-oxidizing bacterium A. aeolicus.
16)
Moreover, on the basis of the H. thermophila hydrogenase characteristics, high specific activity (both H 2 oxidation and production), high oxygen tolerance ability, and high optimal temperature, found here, we propose that this hydrogenase can be used as a model hydrogen catalyst in fuel cells and/or H 2 production systems. 8) 
